Figure 1: Schematic representation of advanced dynamic DS [5]
This dilemma has been recognized by the automotive industry, as attested by Zeeb [6] .
Another aspect is the limited yaw rate and therefore limited yaw acceleration in advanced dynamic DS. Especially urban traffic maneuvers like parking, turning, or reversing generate high yaw rates and yaw accelerations that cannot be provided in full magnitude by state of the art advanced dynamic DS.
Thus, current research at FZD is focused on evaluating, designing, and constructing a new concept for advanced dynamic DS, in order to overcome drawbacks of state of the art DS by eliminating the linkage between moving mass and DS dynamics [1] [2] [3] .
STATE OF THE ART IN DS Acceleration simulation in dynamic DS
DS are built to provide accelerations in all six DOF (surge (x), sway (y), heave (z), pitch ( , rotation about y-axis), roll ( , rotation about x-axis), and yaw ( , rotation about z-axis)) to the user in order to create an impression of realistic driving experience by presenting vestibular stimuli. Rotational acceleration is provided by tilting and turning the DS cabin. Translational acceleration may be provided by three methods.
The first and most obvious method simply accelerates the user in the translational direction, which results in an increased motion envelope, if it is necessary to accelerate with high amplitude and low frequency for a long duration. High amplitude accelerations may be presented instantaneously, which makes this method suitable for high-frequency translational acceleration simulation.
The second method takes advantage of human perception errors and is called tilt coordination. When a human is tilted within the earth-fixed coordinate system, without a visual reference to the horizon, a part of the gravitational acceleration is interpreted as translational acceleration. The tilting of the human must be performed within certain perception thresholds for tilt angle, tilt rate, and tilt acceleration. If the subject is exposed to a tilt angle higher than ca. 30° ( ) [7] , the reduced gravitational acceleration is perceived and the illusion found out. Perception thresholds in literature for tilt rate and tilt acceleration vary between 3-12 °/s [7] [8] [9] and 2-6 °/s² [7, [9] [10] [11] . Chosen thresholds in the presented work are 0.1 rad/s (5.73 °/s) and 0.1 rad/s² (5.73 °/s²) [1] . Looking at these values, it becomes obvious that tilt coordination is limited in amplitude and transient behavior and, therefore, is only suitable for low-frequency accelerations. The advantage is the possibility to create a continuous translational acceleration impression without actually moving the simulator.
The third method uses circular movement. Circular movement causes tangential acceleration, radial acceleration, and Coriolis acceleration. According to Dobbeck [11] , only tangential and radial acceleration may be used within certain limits for driving simulation. Enduring tangential acceleration causes high angular velocity, which is linked quadratic to radial acceleration. While tangential acceleration is suitable for highfrequency translational acceleration simulation, radial acceleration has to be built up by angular velocity, which disqualifies radial acceleration for the simulation of highfrequent translational acceleration. Altogether, this method may only be used in combination with the first two methods in order to overcome the disadvantages caused by the cross-linkage between the circular movement accelerations. Only very few applications in DS technology can be found, and if, usually in systems comprising a centrifuge.
Washout
Washout describes a principle that provides the maximum available motion envelope in all directions, taking advantage of human perception thresholds. Since humans are not able to perceive accelerations below certain thresholds, a DS may return to its initial position by moving below those perception thresholds. Thus, the maximum motion envelope is provided in all directions.
Overview of state of the art advanced dynamic DS
In order to fulfill the acceleration demands, advanced dynamic driving simulators use conventional dynamic DS with redundant DOF, such as additional rails. The advantages in DS dynamics come with the disadvantage of increased moving mass as shown in Table 1 [12] 10 m x 7 m 8 unknown
Daimler [6] 12 m 8 unknown Peugeot Société Anonyme (PSA) [13] 10 m x 5,5 m 8 unknown University of Iowa [14] 20 m x 20 m 12 80 t Toyota [15] 35 m x 20 m 12 unknown Although these organizations have put great effort into these systems, where relatively good acceleration simulation are reached, the requirements for urban traffic simulation like low-frequency acceleration with high amplitude as well as high yaw rates and high yaw accelerations, are still not met [1] .
Mobile Dynamic Driving Simulators
Mobile dynamic DS are able to overcome described problems by eliminating the linkage between the dynamics and the moving mass. The overall concept is conceptualized by two published sources that comprise wheels for propulsion (WMDS). The first source consists of two patents held by Donges (BMW) [16] and Hüsing (BMW) [17] . Both patents describe a dome, which can carry a complete vehicle on a mobile motion base with four wheel units, Figure 2 . The vehicle itself has pitch and roll DOF. The second source is a paper by the University of Eindhoven, Netherlands in collaboration with Bosch Rexroth Netherlands [18] . This concept is more detailed than the BMW patents and comprises four wheel units, which consist of three self-propelled twin wheels each, Figure 3 . Just like in the BMW patent a dome is mounted onto the motion base, which provides space for a full vehicle mockup. Pitch and roll DOF are realized by tilting the whole dome. [18] Still no further investigation of the concept of mobile dynamic driving simulators and WMDS has been carried out by the parties. No research in regard to the feasibility of mobile dynamic DS is known to the authors, let alone an actual mockup.
GENERAL REQUIREMENTS TO MOBILE DYNAMIC DS
This paragraph analyses the general requirements to mobile dynamic DS, no matter how e.g. power transmission is realized. The information of this chapter refers to [2] . Design of the tilting system (pitch, roll, and heave) and HMI are not taken into account. Thus, the design process for an omnidirectional motion base, suitable for accelerations common in urban traffic situations, is shown. Generally, accelerations in a conventional car are limited by friction. Translational accelerations of more than 10 m/s² can easily be reached [2] . Consequently, a mobile dynamic DS suitable for extreme dynamic driving situations must be able to represent such accelerations. Literature as well as conducted research [1] shows that usual translational accelerations reached by average drivers are lower by a factor 2. Therefore a decision for desired acceleration has to be made in regard to individual use and application.
Further requirements are derived by intuitive and discursive product development methods and are listed below:
 Avoidance of overturning, i.e. wheel load of each wheel must be greater than zero at any time  Size of dome must be 2.2 m x 2.2 m x 2.5 m at least, in order to provide sufficient space for a visual representation system (estimation derived from [13] )  Tilt angles (pitch and roll) must be greater than 20° [19] (30° desirable [11] ) in order to provide lowfrequency translational acceleration simulation, which is mandatory for tilt coordination and washout
CONCEPTUAL DESIGN OF MOBILE DYNAMIC DS
All information of this paragraph refers to [2] . Table 2 where the values of feature 1 form the columns, the values of feature 2 form the lines and the values of feature 3 are listed in each value combination of feature 1 and 2, which results in a total of 24 solution concepts: All combinations are checked in regard to fulfillment of the previously stated requirements. Thus, floating or suspended mounting systems require special undergrounds (water) or amendments to the building, which stands in contrast to the requirement of transportability. Power transmission through form closure is problematic in terms of transportability. Furthermore, yaw motion calls for special techniques when using form closure for power transmission, which makes the concept unnecessarily complex.
Generation of a solution field
After eliminating those solutions, two values for each property are left over. This results in eight possible concepts. By checking consistency, two concepts can be eliminated: If the concept is hovering, power transmission through friction is not possible, since normal forces are needed in order to generate friction forces. Finally, six concepts represent possible solutions that meet the demands for an omnidirectional motion base and are marked with a dashed frame in Table 2 above.
Assessment of found concepts
In order to evaluate the found concepts from Table 2 , evaluation criteria have to be defined. This is done by analyzing the mobile dynamic DS' requirements and applying discursive methods of product development. Since the importance of the criteria differs strongly, relative weightings are needed. The weightings are generated by a paired comparison, which falls into the category of intuitive product development methods and is based on the author's expertise. Detailed results can be found in Annex A. The criteria -in descending order of importanceare listed in Table 3 : Table 2 (dashed frames) has been evaluated regarding its degree of fulfillment of criterion. The evaluation has been carried out by taking into account the possible technical solutions with their individual advantages and disadvantages. The complete evaluation can be found in Annex B.
The concept comprising standing and friction limited power transmission combined with rotatable steering appears to be the most promising solution in regard to its weighted rating. Looking at the unweighted rating, the concept with also standing and friction limited power transmission but fixed steering comes out first. Both concepts have self-propelled wheels. The idea of lateral force-free wheels (latter concept) reduces effort in control and implementation due to an unambiguous relation of actuators and DOF of the motion base. A possible technical solution could be "omni wheels" [20] . Compared to conventional wheels, state of the art "omni wheels" are at disadvantage when it comes to vibration, high slip variation, noise emission, and fail-safe operation. Therefore, the first described concept is chosen for further analysis of an omnidirectional motion base for mobile dynamic DS.
This final concept comprises at least three infinitely rotatable and self-propelled drive units, where a frame is needed to connect the drive units and to mount the tilt motion system.
For the sake of unambiguous wheel load identification, which is essential for control of the WMDS, the decision was made for three drive units.
SPECIFIC REQUIREMENTS TO WMDS
The previous paragraph has motivated the decision for a WMDS. Therefore requirements for this new class of dynamic DS have to be found. Since no technical application of this concept is known to the authors, feasibility has not been shown, yet. In order to validate this concept for all possible DS applications -especially for high dynamic driving situationsmaximum accelerations have to be provided. Vehicle acceleration is limited by the friction coefficient, which rarely exceeds values of more than 1. Therefore acceleration of 1 g must be provided.
Drive motors
Power of drive motors is calculated by total mass of the WMDS and desired maximum acceleration and velocity:
(1) Needed revolution speed is calculated with the maximum translational speed, dynamic tire radius and transmission ratio of the gear box:
Steering motors
One drawback of the concept is the possibility that the wheels may be aligned in a different direction than needed. Though this case occurs very rarely, this may happen due to washout but only when standing. In this case it becomes necessary to turn the wheels into the desired direction within minimal time, in order to avoid motion cue delays that the subject would notice. Maximum deviation from the desired wheel alignment can be 90°. The maximum acceptable time for aligning is estimated to be 0.1 s. If it is assumed that the angular acceleration is constant: the following equations apply:
Maximum angular velocity and acceleration are reached after 0.05 s. They are calculated to:
The knowledge about maximum angular velocity is needed for selecting a suitable gearbox for the steering motor. The angular acceleration multiplied by steering moment of inertia gives the inertia torque. In addition to the moment of inertia, a drilling torque has to be taken into account. According to Bootz [21] this drilling torque is calculated by equation 7:
The power demand and maximum revolution speed for the steering motors is then calculated:
Overturning
In case of full acceleration it has to be made sure that the WMDS will not turn over. Overturning will start as soon as one of the wheel loads gets smaller than zero. Within a defined triangle, Figure 4 Top, safety against overturning is assured by setting up the balance of forces, Figure 4 Bottom, and calculating the momentum equilibrium around point 2: This makes it obvious that overturning resistance is only dependent upon friction coefficient, height of the triangle, and height of COG.
CONCEPTUAL DESIGN OF A WMDS
In the previous section power and revolution speed demand are derived. Furthermore a low height of the COG is needed to avoid overturning. Research shows that neither power demand nor revolution speed demand -taking economic reasonability into account -can be fulfilled by state of the art electric motors alone: Transmissions are needed. It has to be stressed that the steering axis must coincide with the center of the tire patch. Otherwise, the subject would notice the turning of the wheels, because of induced motion base movement. In order to find a suitable concept for the drive unit, a product development process is carried out using the methods described in the conceptual design of mobile dynamic DS. Criteria for evaluating the concepts are:
 Mass  Moment of inertia about vertical steering axis (low moment of inertia desirable for fast 90°-turn of wheels)  Effort in construction and implementation  Height of COG (for avoiding overturning)  Cost  Force distribution (equal force distribution at all wheels for better control design)  Degree of efficiency Three drive unit concepts are taken into account [23] :
 Concept 1: Electric motor and gearbox axially aligned  Concept 2: Drive through a bevel gear  Concept 3: Drive through a pair of spur gears  Concept 4: Drive through a pair of bevel gears After evaluation, concept 1 is most promising. The advantages are a low effort in construction and implementation as well as a low height of the COG and a high degree of efficiency. Estimated cost, mass, and moment of inertia (when the gearbox is positioned inside the rim in concept 1) are similar for all concepts.
Construction of the steering concept offers two options: mounting the steering motor concentrically to the steering axis or mounting the steering motor eccentrically to the steering axis. Since concept 1 has been chosen for the drive concept, sufficient space is available for mounting the steering motor with its transmission concentrically to the steering axis. Furthermore, the mass and moment of inertia are lower than with the eccentrical mounting and purchased parts may be used. Thus, the final drive train concept is depicted in Figure 5 , where "M" stands for electric motor and "G" stands for gearbox:
Figure 5: Final drive train (consisting of drive and steering motor including gearboxes) concept for WMDS [23]

CONSTRUCTION OF A SCALED WMDS PROTOTYPE Scaling
As previously shown, the overall concept consists of an omnidirectional motion base in triangle shape with three drive units. Each drive unit comprises a traction motor and a steering motor with their gearboxes. Upon the motion base an additional motion system is installed, providing pitch, tilt, and heave. Feasibility of this concept has theoretically been shown in terms of energy, power, and friction demand [1, 3] . In order to validate the theoretical feasibility practically, a physical mockup is constructed. Since only acceleration simulation in WMDS has to be validated, a scaled prototype is build that shows a reduced visual and acoustical representation system. Therefore, no dome is mounted onto the tilt system and no subject encapsulation is implemented. Thus, found properties have to be scaled, Table 4 . From this table it can be seen that mass, geometry, and power demand need to be scaled by factor 1.5, whereas all dynamic properties may be maintained, since feasibility is to be proven. 
Overall concept
The overall concept is shown in Figure 6 . The triangle frame carries a hexapod (D) in the middle, with the three drive units (C) in the corners, each consisting of a traction unit (A) below the frame and a steering unit (B) above. 
Individual components
The properties of the drive train are listed in Table 5 below, with the traction and steering unit comprising the same electric motor, gearbox, and power electronics: Figure 7 gives an overview over all components used in each drive unit. Further special characteristics of the WMDS are described in the following paragraphs.
Slip ring. An adequate power transmission system is needed for transmitting electric power from the power electronics, which are mounted under the frame, to the drive units. Since the drive unit has infinite yaw angle, the decision for specially designed slip rings was made. They comprise gold/gold-contacts in order to withstand high currents. Additionally, temperature and resolver signals from the drive motor have to be transmitted. The shaft of the slip ring is screwed to the traction unit and connected to the steering unit via a spline shaft, which gives an axial DOF that reduces distortion.
Wheels. The scaled WMDS prototype uses press-on band tires, which are commonly used on floor-borne vehicles. The advantage of the press-on band tires is the high vertical stiffness, which avoids unwanted pitch and roll movement of the WMDS. A drawback is the sensitivity towards ground unevenness, which is a major part of future research, because no chassis is fitted to the prototype. Currently used off-the-shelf tires are 75 mm wide and have a radius of 150 mm.
Hexapod. The hexapod comprises reduced bearing clearance and is driven by 600 V DC. It weighs 120 kg and may be loaded with a maximum 1,200 kg. The motion properties are listed in Table 6 : In the drive and steering unit all-steel couplings are used. This is due to the torque support of the drive motors. In order to provide their torque, the drive motors have to be fixated for limiting their rotary DOF. By doing so, an additional loading path is created, through which forces from the wheel are supported. Furthermore, distortions arising from production tolerances and negligent assembly will cause bending stresses when the drive shaft is rotating, which may damage sensitive components, e.g. the electric motor bearing. Thus a coupling is introduced. Distortions are settled and the loading path is clearly defined. The coupling is specially adapted to the WMDS prototype. The additional axial length amounts to only 55 mm, since already needed adapters have been integrated into the coupling. Calculations show an increase in the traction unit's moment of inertia around the steering axis of about 36 %.
User-Machine-Interface. For providing a user-machineinterface an off-the-shelf racing cockpit is purchased. The cockpit provides visual representation through three standard monitors and acoustical representation through a simple stereo. The proband may interact through a steering wheel with haptic feedback and pedals. The brake pedal is equipped with a shaker to simulate an anti-lock brake system. 
Overall Properties
The mechanical assembly of the overall system can be seen in Figure 9 .
This system has a mass of approximately 1,070 kg and fulfills all previously defined requirements. The maximum height of the triangle (including all attachment parts) is just below 2.4 m, which makes the prototype transportable on a truck. The height of the COG is 545 mm; the length of the triangle edges is 2,300 mm. Applied to equation 12 this results in a maximum possible acceleration before overturning may occur of:
Power of the drive and steering motors is sufficient for providing required accelerations. With equation 7 and 8 and knowledge about friction coefficient and moment of inertia the time for a 90°-turn of the drive units is calculated. Furthermore the steering torque is calculated from the steering motor output multiplied by the transmission ratio. The friction coefficient is assumed to be 1.5 for a worst case calculation: (18) Remodeling equation 4 yields the time needed to accelerate/decelerate the drive unit to an increment of 45°: (19) Thus, time needed to perform a full 90°-turn is 0.083 s, which is below the required 0.1 s.
Limitations of the WMDS prototype
Since the assembled WMDS is the first prototype of its kind, limitations are given in regard to maximum velocity, operating time and visual as well as acoustical representation to the user. The velocity limitation is owed to the gear reduction. Maximum rotation speed of the electric motor is 6,000 rpm (for a few seconds), which yields together with the transmission ratio of 5 and the static wheel radius of 0.15 m: (20) This maximum velocity is sufficient for evaluating feasibility of WMDS, since accelerations are far more important for providing realistic vestibular feedback to the test person.
Operating time is limited by the accumulator's capacity. Previously published research shows that with average power demands, as they may occur in simulating urban driving situations, even in the unscaled worst case an operating time of approximately two hours may be reached, when recuperation is used [1] . This limitation in operating time -as well as the limitations in terms of visual and auditory feedback -is negligible, since the purpose of the WMDS prototype is to research feasibility of mobile driving simulators and not to conduct studies with individuals.
Future research will have to deal with the shortcoming of using high stiffness press-on band tires, from which unwanted vertical dynamics may arise. Furthermore, the applied Motion Cueing Algorithm (MCA) is neither designed nor tuned to take full advantage of the opportunities offered by the WMDS concept.
OUTLOOK
The WMDS prototype will be able to show practical feasibility of mobile dynamic DS that comprise wheels for power transmission. It is the first of its kind, world-wide, and bears the potential to revolutionize state of the art DS technology. Applied to the development of urban ADAS and such, WMDS may contribute to further improve safety for road users and therefore reduce the number of traffic fatalities.
ANNEX A PAIRED COMPARISON ON WMDS REQUIREMENTS [2]
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